We yoked anatomical brain magnetic resonance imaging to a randomized, double-blind, placebo-controlled trial (RCT) of antidepressant medication for 10-week's duration in patients with dysthymia. The RCT study design mitigated ascertainment bias by randomizing patients to receive either duloxetine or placebo, and it supported true causal inferences about treatment effects on the brain by controlling treatment assignment experimentally. We acquired 121 anatomical scans: at baseline and end point in 41 patients and once in 39 healthy controls. At baseline, patients had diffusely thicker cortices than did healthy participants, and patients who had thicker cortices had proportionately less severe symptoms. During the trial, symptoms improved significantly more in medication-compared with placebo-treated patients; concurrently, thicknesses in medication-treated patients declined toward values in healthy controls, but they increased slightly, away from control values, in placebo-treated patients. Changes in symptom severity during the trial mediated the association of treatment assignment with the change in thickness, suggesting that the beneficial effects of medication on symptom severity were at least partially responsible for normalizing cortical thickness. Together our findings suggest that baseline cortical hypertrophy in medication-free patients likely represented a compensatory, neuroplastic response that attenuated symptom severity. Medication then reduced symptoms and lessened the need for compensation, thereby normalizing thickness. This is to the best of our knowledge the first study to report within an RCT a differential change in cortical morphology during medication treatment for depressive illness and the first to provide within an RCT in vivo evidence for the presence of neuroanatomical plasticity in humans.
INTRODUCTION
Dysthymic disorder (DD) is a chronic but comparatively less severe form of persistent depressive disorder that affects approximately 5% of the US population. 1 DD is characterized by the presence of depressed mood most of the time for ⩾ 2 years accompanied by at least two additional depressive symptoms, including poor selfesteem, low energy, feelings of hopelessness, insomnia, poor appetite or impaired concentration. 2 Compared with patients who have episodic major depressive disorder (MDD), DD has been associated with greater childhood adversity, more psychosocial impairment, greater suicidality, 3 fewer disturbances in the hypothalamic-pituitary-adrenal axis and elevated cytokines. 4, 5 DD and MDD patients, however, respond similarly to medications, 6 and 460% of DD patients have a lifetime history of MDD. 7, 8 A comprehensive analysis of self-reported depressive symptoms suggests a latent continuum of symptoms across all forms of unipolar depression. 9 Thus the preponderance of evidence suggests that DD and MDD lie along a phenotypic and pathophysiological continuum, although whether they also constitute a continuum at the level of brain architecture and function is unknown, as no imaging studies have yet compared brain measures across DD and MDD participants at the same time and using the same image processing techniques.
Prior magnetic resonance imaging (MRI) studies of MDD have reported abnormalities in brain regions involved in mood regulation, emotional processing, memory formation and decision-making, particularly larger volumes and greater activity in the amygdala and reduced volumes in orbitofrontal, subgenual prefrontal 10 and prefrontal 11 cortices and in the hippocampus. 12 We previously showed that individuals at high compared with low familial risk for MDD had thinner cortices across the entire lateral aspect of the right and mesial wall of the left hemisphere; individuals who actually developed depression had additional thinning of the lateral aspect of the left hemisphere. 13 Consistent with studies in MDD, the few neuroimaging studies in DD have also implicated abnormalities in brain regions that regulate mood, including enlarged amygdala, 14 increased amygdala activation 15 and increased functional connectivity in the default-mode network. 16 No studies of DD thus far have assessed measures of cortical thickness compared with values in healthy control participants.
A serious and pervasive limitation of nearly all prior brain imaging studies has been their use of a case-control design, which renders studies vulnerable to a wide range of ascertainment biases in the selection of participants. Most importantly, the absence of control over experimental variables renders casecontrol studies merely associational and incapable of supporting causal inferences concerning mechanisms of pathogenesis or treatment response. 17 The most common independent variable studied in case-control designs is diagnosis (for example, MDD vs 1 Institute for the Developing Mind, Children's Hospital, Los Angeles, Los Angeles, CA, USA; control), which in humans ethically cannot be controlled experimentally. One variable that can be controlled in human studies, however, is treatment assignment. Experimental control of intervention through randomization and double blinding in treatment 17 or prevention studies 18 is why the randomized controlled trial (RCT) has become the gold standard for demonstrating that the experimentally controlled variable, such as treatment assignment, influences an outcome variable, such as symptom severity. A placebo arm in addition controls for nonspecific treatment effects. We can understand the causal influences of treatment on the brain by using the change in brain imaging measures instead of the change in symptoms as the primary outcome measure in an RCT. This requires acquisition of images at the beginning and end of the RCT, then analyzing those images while blind to treatment assignment and time point of image acquisition (that is, the beginning or end of the trial). Yoking imaging to an RCT study design in this way mitigates the problem of ascertainment bias that vitiates case-control studies, because patients are randomly assigned to the treatment arms, and most importantly, it supports true causal inferences about the effects that the experimentally controlled treatment has on the brain.
We yoked anatomical MRI to a 10-week, prospective, doubleblind, placebo-controlled RCT of the use of antidepressant duloxetine for treating DD, 19 which permitted us to ascribe the effects of antidepressant medication on cortical thickness. We acquired MRI scans in dysthymic patients both at baseline and end of the trial. We also acquired scans in age-and sex-matched heathy participants at a single point in time to assess whether the medication in DD patients changed cortical thickness toward or away from healthy values. We previously showed in a larger clinical trial of 57 dysthymic patients that duloxetine treatment produced a greater reduction in symptoms than did placebo and that a greater number of duloxetine-compared with placebotreated patients experienced remission of symptoms by the end of the trial. 19 We also reported in the same subsample as the present study that duloxetine treatment normalized resting-state blood oxygen-level-dependent functional (fMRI) activity in an otherwise hyperactive default-mode network, especially in the functional interactions between the posterior cingulate cortex and amygdala. 16 We wanted to determine for the same participants as those in the fMRI study whether duloxetine treatment for 10 weeks changes brain structure and, if it does, how those changes relate to changes in symptom severity. Based on our prior resting-state fMRI findings, we hypothesized that duloxetine treatment would normalize baseline alterations of cortical thickness in DD patients.
MATERIALS AND METHODS
See Supplementary Information for further details of participant recruitment and characterization, image processing, statistical modeling and results. The study was approved by the New York State Institute/Columbia University Department of Psychiatry Institutional Review Board.
Participants
Patients were recruited for the study through advertisements, website postings and the hospital's telephone referral service; 350 individuals expressed interest in the study, 70 of these met inclusion/exclusion criteria and 60 agreed to participate and were randomized to either active treatment or placebo. All provided informed written consent prior to participation. Three patients dropped out before the start of the trial, and therefore at baseline we treated and acquired clinical and behavioral data in 57 patients. Of these 57 patients, 53 were consented for MRI at baseline. However, 11 patients declined to have an MRI scan at the end of the trial, and the MRI data for 1 patient had motion artifact, leaving 41 patients who had MRI data at both baseline and end of the study. At the time of recruitment, 22 patients were medication-naive; another 15 had discontinued medication use for more than a year. Four patients who were taking psychotropic medications underwent a 4-week medication wash-out prior to participation. We also acquired MRI data at one time point in 39 healthy participants who were group-matched to the patients on age and sex and who were recruited through mailings and phone calls to households identified in telemarketing lists of the local community. DD patients were diagnosed by a board-certified psychiatrist using clinical interviews and the Structured Clinical Interview for DSM-IV-TR (Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, Text Revision). 19 Patients met DSM-IV-TR 2 criteria for either DD or depressive disorder not otherwise specified, but they did not meet criteria for MDD. Symptom severity was assessed using both the 24-item Hamilton Depression Rating Scale 20 and Cornell Dysthymia Rating scale. 21 At the time of recruitment, patients had their current episode of DD for at least 2 years before entering the clinical trial, and they scored ⩾ 12 on the Hamilton Depression Rating Scale. 20 Healthy controls had no current illness and minimal lifetime history of Axis I illness on the Structured Clinical Interview for DSM-IV-TR (Supplementary Information).
We randomized 21 patients to the active medication arm, where they were treated with up to 120 mg day − 1 of duloxetine; 20 patients randomized to the placebo arm received gelatin shell capsules with sugar balls. Patients in the two arms did not differ on age, symptom severity at baseline or lifetime history of MDD; they did differ significantly in their sex composition, however, with 14 females receiving duloxetine and 5 placebo (χ 2 = 15, df = 1, P = 0.007; Table 1 ). Comorbid illnesses either in the past or at the time of study entry in the patients are listed in Table 2 ; 10 patients in Abbreviations: CDRS, Cornell Dysthymia Rating Scale; HDRS, Hamilton Depression Rating Scale; MDD, major depressive disorder; NA, not applicable. The 41 dysthymic patients did not differ significantly from the 39 healthy controls in age (P = 0.97) or sex (χ 2 = 0.508, df = 1, P = 0.47). At baseline, patients randomized to the duloxetine arm did not differ significantly from those randomized the placebo arm in age (P = 0.44), symptom severity measured using either the HDRS (P = 0.26) or the CDRS (P = 0.76) scale or lifetime history of major depressive disorder (χ 2 = 1.17, df = 1, P = 0.27). However, the sex composition differed significantly in the two treatment arms (χ 2 = 7.152, df = 1, Po0.01). By the end of the trial (that is, week 10), symptom severity had decreased significantly for both the duloxetine-treated patients (P o1.0 × 10 − 15 for HDRS scores and Po4.0 × 10 − 13 for CDRS scores) and placebo-treated patients (Po0.002 for HDRS scores and Po 0.01 for CDRS scores). However, the duloxetine-compared with placebo-treated patients had significantly lower symptom severity (Po9.0 × 10 − 6 for HDRS scores and Po2.0 × 10 − 5 for CDRS scores). Furthermore, a significantly (χ 2 = 15.14, df = 1, P o0.0001) greater proportion of the duloxetine-treated patients had a remission of illness by the end of the trial. The average and s.d. of age and symptom severity are shown in the table. * denotes statistically significant (Po0.05) decrease in symptom severity over the 10 week period of the clinical trial.
Neuroplasticity of the cerebral cortex R Bansal et al each treatment arm had any comorbid illness in their lifetimes. All participants agreed not to take other psychotropic medication or receive psychotherapy during the trial.
MRI scanning
We acquired a total of 121 anatomical MRI scans-one at baseline and one immediately after trial week 10 in the DD patients and at one time point for the healthy participants. The scans were obtained on a 3 Tesla GE Signa MRI scanner (GE Healthcare, Wauwatosa, WI, USA) using a three-dimensional fast spoiled gradient recall sequence: resolution = 0.98 × 0.98 × 1.0 mm 3 ; repetition time = 4.7 ms; echo time = 1.3 ms; inversion time = 500 ms; flip angle = 11°; matrix = 256 × 256; field of view = 25 cm; phase field of view = 100%; slice thickness = 1.0 mm.
MRI processing
Scans received a clinical reading by a neuroradiologist to exclude the presence of any clinically significant findings in all study participants. All MRI data were processed blind to the order of scan acquisition (baseline or week 10), treatment assignment and participant clinical characteristics.
Preprocessing. We applied automated tools to correct for large-scale variations in image intensities 22 and to remove extracerebral tissue. 23 We then removed connecting dura manually on each slice in the sagittal, axial and coronal views.
Segmentation of cortical gray matter. We used a semiautomated method to segment brain tissue as gray or white matter, with an expert neuroanatomist sampling gray-scale values of both cortical gray matter and white matter at four standard locations throughout the brain. The sampled values were averaged to generate mean values for gray and white matter; these values were used to threshold and generate initial tissue segmentations, which were then edited to remove the subcortical gray matter. The test-retest intraclass correlation coefficient 24 for the cortex was 40.98.
Mapping cortical thickness. We spatially normalized all brains to a template brain (see Supplementary Information) and established pointby-point correspondence across their surfaces. We then applied to each coregistered brain a three-dimensional morphological operator to distance-transform the brain without its cortical mantle to the surface of the cerebrum 25 and calculated cortical thickness as the smallest distance of each point on the cerebral surface to the outermost surface of the white matter. Cortical thickness was calculated with brains scaled to the template, thereby accounting for overall scaling effects on thickness measures. The table lists the number of dysthymic patients who had a comorbid illness either previously or at the time of study entry; 10 patients in the duloxetine arm and 10 patients in the placebo arm had a comorbid illness other than major depressive disorder in their lifetimes. Figure 1 . Baseline data analyses. We compared cortical thickness in the 41 dysthymic patients with thickness in the 39 age-and sex-matched healthy participants, and we correlated cortical thickness with symptom severity within the dysthymic patients. We covaried for age and sex and controlled for multiple hypothesis testing using a procedure for false discovery rate (FDR), with the FDR set at 0.05. We color-coded and displayed the P-valueso 0.05 across the surface of a template brain using the color bar shown at the bottom. The findings were unchanged when we covaried for a lifetime history of MDD in dysthymic patients. Left panel: Dysthymic patients compared with healthy controls had a thicker cortex bilaterally across large portions of the brain, especially in the superior and middle temporal gyrus (STG and MTG, respectively), cingulate gyrus (CG), inferior parietal lobule (IPL), supramarginal gyrus (SMAR) and precentral and postcentral gyrus (PCG and PoG, respectively). In addition, the patients had thinner lateral and mesial prefrontal cortices bilaterally. Warm colors (red and orange) represent thicker, cool colors (blue and purple) represent thinner cortices in patients compared with healthy participants, and gray shows voxels where thickness did not differ between patients and controls. Right panel: Symptom severity correlated inversely with cortical thickness bilaterally across the parietal and temporal cortices, indicating that patients with thicker cortices had proportionately lower symptom severity scores. Warm colors (red and orange) show positive correlations, cool colors (blue and purple) show inverse correlations and gray shows no significant correlations between thickness and symptom severity. Findings were similar for the correlations of cortical thickness with symptom severity measured using the Hamilton Depression Rating Scale (not shown). A, anterior; CDRS, Cornell Dysthymia Rating Scale; DD, dysthymic disorder; HC, healthy controls; IFG, inferior frontal gyrus; MDD, major depressive disorder; mPFC, mesial prefrontal cortex; P, posterior.
Statistical analyses
We used voxel-wise linear regression and repeated-measures analyses of variance, while covarying for age and sex, to assess, respectively, the correlations of cortical thickness with symptom severity and the effects of treatment on cortical thickness. We used a procedure for false discovery rate (FDR), with FDR = 0.05, to control for type I error in the multiple statistical tests performed across the cerebral surface. We did not control for the effects of comorbid illnesses in our analyses because only a small number of patients in each treatment arm had those specific illnesses (Table 2) . We color-coded P-values that survived FDR correction using cool colors (purple and blue) for inverse associations and warm colors (yellow and red) for positive associations. Detailed statistical models are presented in the Methods section of Supplementary Information.
Baseline analyses. We used multiple linear regression to compare cortical thickness across patient and healthy control participants at baseline and to aid understanding of whether treatment-induced changes in thickness during the 10-week trial were in a direction toward or away from normal values. In addition, we correlated thickness with symptom severity in DD patients.
Longitudinal analyses. We applied linear mixed models to the longitudinal data to assess whether treatment differentially altered cortical thickness across the two treatment arms (that is, to assess the treatmentby-time interaction). We also assessed treatment effects on thickness separately in the duloxetine-and placebo-treated patients.
Repeated-measures analyses of thickness associations with symptom severity. We used a repeated-measures analysis of longitudinal data in the 21 duloxetine-treated patients to assess within individuals how thickness changed over time with changes in symptom severity and to assess across individuals the correlation of thickness with severity.
Mediation analysis. We conducted post hoc mediation analyses to test whether the changes in thickness mediated the effects of treatment assignment on changes in symptom severity or whether the changes in symptom severity mediated the effects of treatment on cortical thickness.
Code availability. Computer code as executables in Windows Operating System will be made available upon request.
RESULTS
Although symptom severity declined significantly over the 10-week trial for both the duloxetine-and placebo-treated patients (placebo P = 5.76 × 10 − 3 ; duloxetine P = 2.51 × 10 − 15 ), at the end of the trial severity was significantly lower for the duloxetine-than for the placebo-treated patients (P = 8.54 × 10
). In addition, a significantly greater proportion of duloxetine (15 out of the 21) compared with placebo (2 out of the 20) treated patients experienced remission of illness (χ 2 = 15.14, df = 1, Po 0.0001; Table 1 ). Age was not associated with symptom Figure 2 . Longitudinal data analyses to assess change in thickness with time. We used linear mixed models to assess the change in cortical thickness with time in the 41 dysthymic patients. Findings showed a significant treatment (Tx)-by-time interaction on the cortical thickness (left panel), which was driven primarily by a decline in cortical thickness over the trial in duloxetine-treated patients (middle panel) and a slight increase in thickness in placebo-treated patients, especially in the occipital cortex bilaterally (right panel). Warm colors (orange and red) show thickening, cool colors (purple and blue) show thinning and gray shows no significant change in thickness with time. We showed time effects only in voxels where we detected significant effects of treatment-by-time interaction on cortical thickness to understand better treatment effects over the 10-week period of the clinical trial. See Supplementary Figure S1 for maps of time effects across the entire cortical surface. Line graphs for representative locations in the right occipital cortex and right mesial parietal cortex illustrate the opposing change in thickness with time for patients in the two treatment arms. At baseline, the variance of the cortical thickness did not differ between duloxetine-and placebo-treated patients (scatterplot at mesial location: F-statistic = 1.11; df1 = 19; df2 = 20; P = 0.81; scatterplot at lateral location: F-statistic = 0.65; df1 = 19; df2 = 20; P = 0.36). At the end of the trial, the variance did differ between the two treatment arms for the lateral location (F-statistic = 1.53; df1 = 19; df2 = 20; P = 0.35) but was significantly different for the mesial location (F-statistic = 0.31; df1 = 19; df2 = 20; P = 0.016). DULX, duloxetine; PBO, placebo.
severity in patients at baseline nor did it moderate the decline in symptom severity over the trial.
Baseline analyses At baseline, cortical thickness did not differ significantly between patients who were randomized to duloxetine compared with those randomized to placebo (not shown). The dysthymic patients collectively, compared with healthy participants, had thicker cortices bilaterally across large portions of the brain, especially in the superior and middle temporal gyrus, cingulate gyrus, inferior parietal lobule, supramarginal gyrus and precentral and postcentral gyrus (Figure 1) . Thickening was present in patients randomized to either treatment arm (not shown). The associations of cortical thickness with DD did not change when controlling for prior MDD (not shown), suggesting that prior MDD did not influence the effects of depressive illness on cortical morphology. Symptom severity correlated inversely with thickness, indicating that a thicker cortex was associated with less severe symptoms; this was especially true in regions where the cortex was thicker in patients than in healthy controls.
Longitudinal analyses These analyses revealed significant treatment-by-time effects on cortical thickness, deriving from cortical thinning over the course of the trial in the duloxetine-treated patients toward values in healthy participants, particularly in regions where the patients at baseline had thicker cortices than healthy participants (Figure 2 and Supplementary Figure S1 ). In contrast, the cortex thickened over the trial in placebo-treated patients, diverging further from control values than at baseline.
Repeated-measures analyses
The between-individual analyses showed that severity correlated strongly and inversely with thickness across most of the brain, except for small regions of positive correlation in the mesial and lateral surfaces of the frontal pole and posterior parietal cortex Figure 3 . Repeated-measures analyses associating symptom severity with cortical thickness. We assessed how cortical thickness in duloxetinetreated patients was associated with symptom severity across individuals, as well as how cortical thickness changed with the change in symptom severity within individuals over time. Symptom severity was measured with the Cornell Dysthymic Rating Scale (CDRS). We covaried for age and sex effects and generated scatterplots using age-and sex-adjusted cortical thickness measures. We displayed findings only in voxels where the interaction of treatment-by-time on cortical thickness was statistically significant (Figure 2) . Maps of findings across the entire brain are shown in Supplementary Figure S3 . Left panel: The cross-sectional, across-individual correlation of cortical thickness with severity showed that thickness correlated inversely with CDRS values, averaged over pretreatment baseline (Time1) and end of trial (Time2), in large expanses of the lateral and mesial surfaces of both hemispheres, especially in regions where the dysthymic patients had thicker cortices than healthy participants at baseline (Figure 1 ). Scatterplots for representative voxels where inverse correlations were located illustrate that patients with thicker cortices generally had less severe symptoms. In contrast, cortical thickness correlated positively with symptom severity bilaterally in the anterior prefrontal and posterior parietal cortex. Right panel: The longitudinal, within-individual correlation of change in thickness with the change in severity over the course of the trial showed positive associations (indicating that cortical thickness decreased as symptom severity decreased, as shown in orange and red) located bilaterally in the parietal and posterior temporal cortex, and inverse associations (indicating that cortical thickness increased as symptom severity decreased, shown in blue and violet) located bilaterally in the occipital, anterior cingulate and anterior prefrontal cortex. Note that the cross-sectional, across-individual maps generally show color codings for correlations that are opposite from those in the longitudinal, within-individual maps: In the left panel, individuals with fewer symptoms had thicker cortices in voxels shown in blue; in the right panel, cortical thickness decreased over the 10-week period of the trial within individuals for whom treatment with antidepressants reduced symptom severity. Thus the findings in both panels, taken together, suggest that a thicker cortex at baseline is associated with fewer symptoms, likely representing a compensatory, neuroplastic hypertrophy of the cortex. Successful treatment and a decline in symptoms over the course of the trial seems to obviate the need for that compensatory hypertrophy and thereby produces a relative thinning and normalization of the cortical mantle.
( Figure 3 ). Within-individual changes in thickness generally correlated positively with changes in symptom severity-that is, the cortex thinned as symptom severity declined over the 10-week clinical trial. Inverse associations, in which the cortex thickened within individuals as symptom severity declined, were evident in several brain regions, especially in the cingulate gyrus along the mesial wall of the left hemisphere and bilaterally in occipital cortex (Figure 3 and Supplementary Figure S3) . In contrast, within-individual changes in thickness for placebotreated patients generally correlated inversely with changes in symptom severity (Supplementary Figure S4) . In an exploratory analysis, we determined that cortical thinning varied with age in the duloxetine-treated patients, with thinning more prominent in the younger compared with older patients (Supplementary Figure S2) .
Mediation analyses
Mediation analyses showed that the change in thickness did not mediate treatment effects on the change in symptom severity. Instead, the change in symptom severity significantly mediated the effects of treatment on the change in cortical thickness across large portions of the brain (Figure 4 and Supplementary Figure S5) .
To understand better the mediation findings, we generated scatterplots representing the associations of the treatment (independent variable), change in symptom severity (mediator variable) and change in thickness (dependent variable) in a representative location in the superior parietal cortex. These plots showed that (1) duloxetine treatment significantly decreased symptom severity (P o4.0 × 10 − 6 ), (2) the decline in symptom severity correlated significantly with cortical thinning (P o0.01) and (3) duloxetine treatment also correlated significantly with cortical thinning (P o 0.04) (Figure 4) .
DISCUSSION
To the best of our knowledge, this study is the first to report a differential change in thickness of the cerebral cortex during medication compared with placebo treatment for a depressive illness within an RCT. Combining brain imaging with an RCT study design allowed us to infer that medication treatment was not only associated with changes in brain structure in DD patients but also allowed us to conclude that medication actually caused those changes. Inclusion of healthy controls allowed us to determine whether the treatment-related changes in brain structure were toward or away from normal values. We found that the cortex at the beginning of the trial was significantly and diffusely thicker in DD patients than in healthy participants. Moreover, the baseline thickening was associated with less severe depressive symptoms, suggesting that the thickening may have been a neuroplastic response to illness that served a compensatory function in this patient population. Although symptom severity declined in both treatment arms over the course of the trial, duloxetine-treated patients improved to a significantly greater extent, and more frequently achieved clinical remission, than did placebo-treated patients. The cortex thinned significantly during the trial in duloxetine-treated patients in the direction of healthy control values, whereas the cortex thickened slightly in placebo-treated patients, diverging even further from healthy values at baseline. We also showed that the change in symptom severity mediated the association of treatment assignment with the change in cortical thickness during the trial, suggesting that medication exerted its normalizing effects on cortical thickness by reducing the severity of symptoms, and supporting further our interpretation that baseline thickening in DD patients was a neuroplastic compensation to chronic illness. When medication successfully reduced symptoms, this putative neuroplastic compensation was no longer needed, which presumably then permitted the return of cortical thickness toward normal values. Finally, we showed that younger compared with older patients had more prominent cortical thinning and across larger expanses of the cortical surface Figure 4 . Longitudinal mediation analyses. We applied a longitudinal mediation analysis to assess whether the change in symptom severity mediated the association between treatment arm and the change in cortical thickness in our 41 dysthymic patients. We covaried for age and sex and controlled for multiple hypothesis testing using a procedure for false discovery rate (FDR) with FDR = 0.05. Here we display findings only for those voxels where we detected significant treatment-by-time interaction effects on cortical thickness (Figure 2) . The findings across the entire brain are shown in Supplementary Figure S5 . Left panel: At each voxel on the template surface, we color-coded and plotted P-values in warm colors (red and orange) where the test statistic was positive and in cool colors (violet and blue) where the test statistic was negative for the mediation analyses. These plots showed that the decline in symptom severity over the trial significantly mediated the associations between treatment and change in cortical thickness across large portions of the brain where dysthymic patients at baseline had thicker cortices than healthy controls. We used cortical thickness from the brain region pointed to by the arrow for the scatterplot shown in the right panel. Right panel: We generated scatterplot for the associations among treatment, change in symptom severity and change in cortical thickness variables for a representative voxel where the mediating effects of symptom severity were statistically significant. These plots showed that symptom severity declined significantly (P = 4 × 10
) in the duloxetine-treated patients, the decrease in symptom severity was significantly (P = 0.01) associated with a decrease in cortical thickness and treatment was significantly (P = 0.045) associated with the decrease in cortical thickness. The overall P-value was o0.008 for the mediating effect of change in symptom severity on the association of treatment with change in cortical thickness. *P-valueo0.05; **P-valueo0.01; ***P-valueo0.00001). DULX, duloxetine; PBO, placebo.
over the course of the trial (Supplementary Figure S2) , suggesting that medication was more effective at normalizing cortical thickness in younger patients.
At baseline, when they were medication-free, patients had cortices that were diffusely thicker than in the healthy participants, an effect that did not differ between patients randomized to the duloxetine or placebo arms. These findings are consistent with those in recent studies reporting thicker cortices across several brain regions in medication-naive adults with MDD. 26 We also detected cortical thinning in the lateral and mesial prefrontal cortices, consistent with the majority of anatomical studies of MDD reporting thinner cortices in brain regions that support emotion regulation, including orbitofrontal, dorsal anterolateral and ventrolateral prefrontal cortices. 27 Our findings, however, could initially seem at odds with our previously reported findings that individuals at high, compared with low, familial risk for MDD have thinner cortices across the entire lateral aspect of the right hemisphere and mesial wall of the left hemisphere. 13 It seems likely that the high-risk individuals in that prior study did not generate the compensatory cortical thickening that we have detected in DD patients because the high-risk participants were largely free of illness at the time of scan. Their cortical thinning likely represented instead a trait vulnerability for developing MDD, particularly in relation to thickness in low-risk individuals, whose thicker cortices presumably protected against the development of MDD. Consistent with this interpretation, we also reported that high-risk individuals who endorsed more religious beliefs had thicker cortices relative to high-risk individuals who endorsed less religiosity, and they also had fewer lifetime MDD episodes, suggesting that cortical thickening associated with religiosity was protective against developing MDD.
28 Our DD patients, in contrast to our prior high-risk sample, had been ill for 42 years at the time of study, giving them abundant time to develop neuroplastic cortical hypertrophy, as presumably manifested in those who had thicker cortices and proportionately fewer symptoms. Therefore, we suspect that the baseline cortical thickening in DD patients was a consequence of their chronic illness and represented a neuroplastic compensation that helped to attenuate their depressive symptoms. It is possible that the presence of neuroplastic compensation is precisely what distinguished DD from MDD; without compensation, DD patients presumably would become more severe and would then meet criteria for MDD, rather than DD. If this is the case, then an important question for future research is why MDD patients do not engage fully these neuroplastic compensatory processes.
We detected a significant treatment-by-time interaction on cortical thickness over the 10-week trial. The interaction derived from treatment-related changes in cortical thickness occurring in both arms but in opposite directions: in duloxetine-treated patients, the cortex thinned in a direction toward values in healthy participants; in placebo-treated patients, the cortex thickened slightly, and in a direction even more divergent from control values than at baseline. These longitudinal, withinindividual analyses further showed that symptom severity declined as the cortex thinned during the trial in duloxetinetreated patients. Because cortical thickening at baseline and its association with fewer symptoms suggested the presence of neuroplastic compensation, the exaggeration of baseline thickening in the placebo arm during the RCT suggests the presence of continuing neuroplastic compensation with continuing illness. It is tempting to speculate, in fact, that cortical thickening during placebo administration could have contributed to the reduction in symptoms in that arm of the trial. If the same compensatory processes were operating in the duloxetine-treated patients as speculated in the placebo-treated patients, then the duloxetineinduced normalization of cortical thickness would presumably represent the reduced need for compensatory hypertrophy, thanks to the duloxetine-induced reductions in symptom severity.
Alternatively, duloxetine-induced normalization of cortical thickness could be a direct consequence of the medication, with the reductions in symptoms following it. We therefore conducted mediation analyses to provide statistical evidence for or against each of these two competing interpretations. We found no statistical evidence that cortical thickness mediated the association of treatment assignment (duloxetine or placebo) with the change in symptom severity during the trial. Instead, we found that the change in symptom severity partially but significantly mediated the association of treatment with change in cortical thickness, supporting the interpretation that medication-induced improvement in symptoms during the trial reduced the need for neuroplastic compensation, thereby reducing cortical thickness toward normal values. Placebo-treated patients, however, continued to require compensation for their continuing symptoms, thereby thickening their cortices during the trial.
Our findings provide imaging-based evidence for the presence of an adaptive, neuroplastic compensation in response to chronic symptoms of dysthymia. Neuroplastic changes comprise persistent changes in dendritic length and branching, synaptic density and strength and neurogenesis, which together produce structural and functional alterations in brain circuits and how they process information in response to changing functional demands on the central nervous system. 29 Activity-dependent neuroplasticity has been reported in several prior imaging studies in healthy humans, including experience-dependent changes in gray and white matter volumes in response to learning, 30 mindfulness meditation, 31 physical exercise 32 and cognitive training. 33 Animal studies have reported cortical thickening in response to environmental enrichment, likely due to neurotrophin-driven increases in dendritic branching, 34 spine density, 35 and glial cell density. 36 Studies of older animals in enriched environments 37 and older humans who suffered either limb amputations 38 or strokes 39 suggest that neural plasticity is retained across the lifespan. Our findings similarly suggest that neuroplastic compensation is present at all adult ages, although the age-specific effects in the reversion of thickening toward normal values during the trial, being more prominent in younger than in older patients when successfully treated with medication, suggests that neuroplastic hypertrophy may be more dynamic in younger persons. Evidence is growing for the presence of neuroplasticity and its compensatory functions in neuropsychiatric illnesses. 40 The voluntary suppression of tics in patients with Tourette Syndrome, for example, is thought to generate hypertrophy of frontal and parietal cortices, which in turn attenuates the severity of tic symptoms and normalizes excess functional activity during cognitive tasks that require activation of these cortical regions. 41 Youth who, for reasons unknown, are unable to generate this cortical hypertrophy have more severe symptoms and may be more likely to have illness that persists into adulthood. Additional hypertrophy of the hippocampus is thought to modulate the severity of not only tic symptoms but also of comorbid attention deficit/hyperactivity disorder and obsessive compulsive disorder symptoms. 42 Hypertrophy of the hippocampus is thought to serve a similar symptom-attenuating function in youth who have attention deficit/hyperactivity disorder without tic disorder. 43 Successful treatment of attention deficit/hyperactivity disorder youth with stimulant medications has been associated with normalization of highly localized morphological abnormalities in the surfaces of the basal ganglia nuclei 44 and thalamus, 45 presumably because the stimulant-induced increases in dopaminergic transmission supported neuroplastic changes in these subcortical regions. Similarly, studies of veterans with posttraumatic stress disorder showed that the veterans who completely recovered from their illness had larger hippocampal volumes than those with current posttraumatic stress disorder, 46 suggesting either that those with larger hippocampal volumes recovered or that those with neuroplastic reversal of hippocampal volume loss had positive outcomes of treatment and higher rates of symptom remission. Antipsychotic medications have been reported to moderate the age-related decline in gray matter volumes in patients with schizophrenia. 47 Together these studies provide compelling evidence that activity-induced neuroplastic changes in the brain may simultaneously attenuate symptom severity, help maintain cognitive and behavioral performance on tasks that depend on those neural systems and even contribute to the remission of illness in individuals with neuropsychiatric disorders.
The findings of this study should be interpreted in light of its limitations. First, we cannot entirely exclude the possibility that a thicker cortex at baseline derived from prior use of psychotropic medications in 19 of our patients. However, at the time of recruitment, 15 patients had not used medication for more than a year prior to entering the study, and 4 patients on medications underwent a 4-week wash-out period; furthermore, our findings did not change when we excluded those 4 patients from our analyses. We therefore believe that prior use of psychotropic medications did not affect baseline findings of cortical thickening. Second, we acquired MRI data in healthy individuals at only one time point, which limited our ability to assess and interpret fully the brain changes in placebo-treated patients. Nevertheless, the data in healthy participants at even a single time point permitted us to assess whether the medication-induced changes in cortical thickness were in a direction toward or away from values in healthy persons. Third, even though the RCT study design mitigated ascertainment bias by randomly assigning patients to either duloxetine or placebo arm of the study, the participants in the trial may not be representative of all patients in the general population who have depressive illness. Fourth, despite random assignment, patients differed in sex composition across the 2 treatment arms (15 males in placebo, 7 males in duloxetine); symptom severity did not differ between men and women at baseline or at the end of the trial in either of the two treatment arms, however, indicating that treatment effects did not differ by sex. We also incorporated sex as a covariate in all our analyses. Thus we believe that differing sex compositions in the two treatment arms did not confound the effects of treatment on cortical thickness. Finally, our participants, similar to participants in any RCT, may not have been representative of all patients in the general population who have depressive illness.
Despite these potential limitations, our findings provide strong evidence for compensatory, activity-dependent, neuroplastic thickening of the cortex that attenuates the chronic symptoms of dysthymia. The baseline cortical thickening may have protected DD patients from developing a more severe form of illness, MDD, which has been associated with thinning across large portions of the cortical surface. 13 In this view, the severity and clinical course of depressive illness may depend upon whether an individual is able to engender in the brain an adaptive neuroplastic response to the presence of their distress. Disruptions of neuroplasticity from any cause may interfere with compensatory thickening and lead to a new onset of illness, more severe symptoms or clinical relapse. Understanding the molecular and cellular underpinnings of neuroplastic changes in the cortex and why those mechanism fail in certain individuals, and identifying ways to enhance neuroplastic response, will be important in the future to prevent new onset of illness, reduce symptom severity in individuals who are already ill and induce compensation as a form of resilience in individuals who are at high risk for developing depressive illnesses.
